Poling relaxor-PbTiO 3 single crystals along pseudocubic ͓011͔ results in a macroscopic symmetry of mm2, enabling a large face shear d 36 in Zt Ϯ 45°cut crystals. In order to allow the determination of electrical properties by the resonance method, square samples are required. Using Pb͑In 0.5 Nb 0.5 ͒O 3 -Pb͑Mg 1/3 Nb 2/3 ͒O 3 -PbTiO 3 crystals, piezoelectric d 36 coefficients were determined to be in the range of 2000-2500 pC/N, with electromechanical coupling factor k 36 ϳ 0.80-0.83. Mechanical quality factor Q ϳ 180 and ultralow frequency constant of ϳ500 Hz m were obtained. Together with the wide temperature usage range ͑up to ϳ110°C͒ and high ac driving field stability ͑ϳ5 kV/ cm͒, such face shear crystals have a promising potential for ultralow-frequency-transducer applications.
The excellent electromechanical properties of relaxor-PT single crystals, including Pb͑Mg 1/3 Nb 2/3 ͒O 3 -PbTiO 3 ͑PMNT͒ and Pb͑In 0.5 Nb 0.5 ͒O 3 -Pb͑Mg 1/3 Nb 2/3 ͒O 3 -PbTiO 3 ͑PIN-PMN-PT͒, have attracted considerable attention over the past two decades. [1] [2] [3] [4] It has been reported that large longitudinal piezoelectric coefficients, d 33 Ͼ 1500 pC/ N and electromechanical coupling, k 33 Ͼ 0.90, can be achieved for rhombohedral crystals when poled along the pseudocubic ͓001͔ direction, resulting in an engineered domain configuration with the macroscopic symmetry of 4mm. 5 Furthermore, high extensional piezoelectric coefficients, −d 32 Ͼ 1200 pC/ N and coupling factor, k 32 Ͼ 0.85 are possible for crystals poled along ͓011͔, with a macroscopic symmetry of mm2. 6 For thickness shear piezoelectric properties, however, the scenario is complicated. As listed in Table I, large shear piezoelectric, d 15 Ͼ 2000 pC/ N is obtained for rhombohedral ͑R͒ crystals poled along their spontaneous polarization direction ͓111͔ ͑3m symmetry with single domain state "1R"͒, with an electromechanical coupling factor k 15 Ͼ 0.9, 7-10 while high shear piezoelectric d 15 and d 24 are observed in ͓011͔ poled orthorhombic ͑O͒ crystals ͑mm2 symmetry with single domain configuration "1O"͒, 11 related to the "facilitation" of polarization rotation in the single domain states. 12, 13 In ͓011͔ poled R crystals ͑mm2 symmetry with multi domain state "2R"͒, however, only large d 15 was observed, on the order of Ͼ2000 pC/ N, with much lower d 24 values, ϳ200 pC/ N, [11] [12] [13] [14] due to the negated shear deformation strain in the "2R" domain engineered structures. 11 Relevant to this work, the ͓011͔ poled R crystals also possess a large face shear piezoelectric coefficient, d 36 , as high as 2600 a͒ Electronic mail: soz1@psu.edu. pC/N, in a rotated coordinate system ͑rotation angle of 45°a round the poling axis Z-͓011͔͒, which was confirmed by a quasistatic method using a Berlincourt meter. 15 In contrast to conventional thickness shear d 15 , the face shear vibration mode can be repolarized, i.e., the poling electrode is the same as the active electrode. 15, 16 To date, no studies have been carried out on the measurement of face shear piezoelectric properties using the resonance method, owing to the coupling of spurious vibration modes. Thus, parameters, including electromechanical coupling factor, k 36 , mechanical quality factor, Q 36 and frequency constant, N 36 , which are essential for transducer design, have yet to be confirmed. The use of the resonance method also allows properties to be determined as a function of temperature and under dc/ac fields. In this work, the dielectric, piezoelectric, and electromechanical properties of the face shear vibration mode in relaxor-PT crystals were investigated. The temperature and dc/ac bias dependent behavior were evaluated to establish domain stability under high field drive condition.
For this study, rhombohedral PIN-PMN-PT crystals were used, owing to their relatively high usage temperature range ͑rhombohedral to tetragonal phase transition T RT ϳ 120°C͒ and large coercive field ͑E C Ն 5 kV/ cm͒, compared to their binary PMNT counterpart. 2 The compositions of the investigated crystals were near the R/O phase boundary, with Curie temperature T C ϳ 180-190°C and T RO ϳ 95-110°C. The obtained crystals were oriented along ͓011͔ and ͓100͔ directions using a real-time back-reflection Laue system. The samples were gold electroded on ͑011͒ faces, and poled under 10 kV/cm field at room temperature. Face shear samples were prepared by rotating a 45°angle about the Z-axis ͓͑011͔ poling direction͒ and designated as Zt Ϯ 45°cut. Various aspect ratios of samples were investigated, from 20:20:1 to 20:2:1. It was found that samples with the square shape aspect ratio ͑e.g., 5 ϫ 5 ϫ 1 mm 3 ͒ possess a clean face shear vibration mode. The capacitance and dielectric loss were determined using an HP4284A multifrequency LCR meter while the resonance and antiresonance frequencies of the face shear vibration modes were recorded by an HP4294A impedance-phase gain analyzer. From the frequency spectra, the frequency constant N 36 , elastic compliance s 66 E , mechanical quality factor Q, and the coupling k 36 were calculated. The calculations were based on the IRE standard 17 combined with a simplified model, 18 where the displacements of vibration are deemed to only perpendicular to the wave propagation direction. Although the theoretical models are approximate, the errors are acceptable, being less than 6% for coupling while it is only Ͻ3% for piezoelectric coefficient and elastic compliance. High field measurements of the polarization were performed using a modified Sawyer-Tower circuit, at frequency of 10 Hz under a 10 kV/cm field. A blocking circuit was used to protect the HP4294 impedance analyzer from high voltage during the dc bias tests. For ac driving field stability evaluation, the samples were first electrically cycled at various field levels at 10 Hz, then resonance and antiresonance frequencies were measured after 5000 cycles.
The principle properties related to the face shear vibration mode for PIN-PMN-PT crystals determined in this work are reported in Table I , and compared to conventional thickness shear properties.
9,11,13,14,19-21 The dielectric constant for the studied crystals was found to be in the range from 4500 to 5200, while the dielectric loss is in the range of 0.1%-0.2%. The elastic compliance s 66 E and piezoelectric coefficient d 36 were found to be on the order of 160-200 pm 2 / N and 2000-2500 pC/N, respectively, with electromechanical coupling factor, k 36 , being 0.80-0.83. The property variations observed in all the shear vibration modes are closely related to the crystal composition, following the general trend of relaxor-PT crystals, i.e., the higher T RO temperature, the lower dielectric and piezoelectric properties. 2 Ultralow face shear frequency constant, N 36 ϳ 500 Hz m, was obtained, which is similar to the values of thickness shear modes, ϳ350-600 Hz m. 19 For the case of face shear mode, however, the frequency constant refers to the large dimension ͑length͒ of the samples, making it possible to realize ultralow frequency transducers with a small volume. 20 It is important to note that the mechanical quality factors, Q's, obtained for the face shear crystals, were on the order of 150-180 ͑higher Q ϳ 450 was observed in samples with different aspect ratio͒, significantly higher than those of the thickness shear modes, ϳ20-30. The low mechanical Q is believed to be related to the ease of polarization rotation in corresponding thickness shear cuts. 21 The temperature dependence of the coupling factor k 36 and piezoelectric d 36 coefficient for PIN-PMN-PT crystals are presented in Fig. 1 . As shown in the figure, the coupling factor k 36 is 0.81 at −60°C, increases slightly to 0.84 at the temperature of 100°C, the associated R/O phase transition temperature, above which the coupling factor decreases to 0.52, the value associated with single domain orthorhombic crystals. Correspondingly, the piezoelectric coefficient d 36 was ϳ1800 pC/ N at −60°C, gradually increases to 2400 pC/N at room temperature, and reaches as high as 5500 pC/N at the phase transition temperature. As expected, the temperature variation in the piezoelectric coefficients follows the trend as earlier reported d 32 and d 31 extensional modes. 6 Figure 2 presents the electromechanical coupling factor, k 36 , as a function of dc bias field. The impedance spectra under various dc bias fields are given in the inset, where the resonance frequency was found to shift downward with increasing dc bias, indicating elastic "softening." From the figure, the coupling factor was found to be ϳ0.815 at a field of Ϫ2 kV/cm, and gradually increasing to 0.850 at 12 kV/cm. This increase is due to the fact that the applied dc bias is along the ͓011͔ direction, which further stabilized the orthorhombic phase, leading to easier polarization rotation from ͓111͔ to ͓011͔. As expected, the effect of a negative dc bias on the order of half coercive field ͑ϳ3 kV/ cm͒, results in a drastic decrease in the coupling factor or depolarization. Figure 3 presents the electromechanical coupling factor, k 36 , as function of ac driving field level, with k 36 maintaining a level of 0.83 until the ac field reaches ϳ5 kV/ cm. The small inset in Fig. 3 shows the polarization hysteresis loops measured at 10 kV/cm for ͓011͔ oriented PIN-PMN-PT crystals before and after the 5000 electrical cycles at 5.5 kV/cm at 10 Hz. The polarization loop observed after the cycling was skewed in shape, with the remnant polarization P R being on the order of 0.24 C / m 2 , which is much smaller than that of a virgin sample ϳ0.39 C / m 2 , indicating fatigue caused property degradation. 22 It is interesting to note that the allowable ac drive field for face shear crystals is on the level of the coercive field, which is significantly more stable than that reported in the thickness shear crystals, only ϳ2 kV/ cm in PIN-PMN-PT, due to the repolarizable characteristics in face shear samples. 15, 19 In summary, the face shear piezoelectric properties achieved in ͓011͔ poled PIN-PMN-PT crystals were investigated using the resonance method on Zt Ϯ 45°cut square plates. As general observation, the large piezoelectric coefficient d 36 Ͼ 2000 pC/ N, high electromechanical coupling factor k 36 Ͼ 0.80, ultralow frequency constant ϳ500 Hz.m, together with a relatively wide temperature usage range and high allowable ac drive field, make face shear relaxor-PT single crystals promising candidates for low frequency broadband ultrasonic transducers.
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